ABSTRACT: We present a new method for vapor deposition of columnar ZnO structures in the form of rods on various substrates without the need for substrate modification with catalyst seed particles and at relatively low temperatures compared to other vapor deposition methods. These structures are used for the photodegradation of stearic acid (C 18 H 36 O 2 ) and the photoactivated detection of gases such as carbon monoxide (CO), ethanol (C 2 H 6 O), toluene (C 7 H 8 ), and nitrogen dioxide (NO 2 ) at room temperature, showing improved selectivity compared to tests performed in themoactivated mode.
■ INTRODUCTION
ZnO is a highly versatile wide direct band gap semiconductor with chemical, electrical, and optical properties that make it an ideal material for applications in optoelectronics, photovoltaics, energy generators, photocatalysis, and gas sensors, among others. Zinc oxide adopts a stable hexagonal wurtzite structure, and its morphological forms are generally dominated by nonpolar {100} and {110} and polar {001̅ }, {001}, and {111} facets. 1−3 ZnO structures, e.g., in the form of rods, wires, and plates, etc., can lead to the formation of these specific facets and in turn to specific electronic structure at the surface. This has been found particularly important in surface-dependent applications such as photocatalyis and gas sensing, when attempting to tune the functionality of the material. 4−7 The first stage toward this morphological control requires synthetic methods capable of producing well-defined crystals, with uniform size, shape, and surface structure. New manufacturing strategies that are additive (bottom-up synthesis), rather than subtractive (top-down synthesis), are ideal for this task. Vaporphase routes, for instance, are bottom-up approaches, industrially attractive, and potentially advantageous over liquid-phase routes, as they provide the ability to generate structured films in continuous rather than batch mode, with high purities and high throughput. Columnar ZnO structures in the form of rods or wires have been synthesized previously via vapor-phase routes although typically using pregrown catalyst seeds, i.e., via vapor−liquid−solid (VLS) mechanism, and/or high temperatures of 900−1300°C; 2 which requires an extra surface pretreatment processing step and/or adds potential technological limitations for device fabrication.
Recently, however, we have recognized that aerosol-assisted chemical vapor deposition (AACVD) can lead to structured growth of metal oxides (MOX), e.g., WO 3 8 or SnO 2 , 9 without the need for catalyst seeds, i.e., via vapor solid (VS) mechanism, and at relatively low temperatures.
AACVD is a variant of CVD that works at atmospheric pressure and relies on a solution-based delivery approach. This method is advantageous over traditional CVD as it allows for less volatile precursors to be utilized. 10 However, it also presents a number of challenges, including the selective deposition of highly crystalline structures with well-controlled shapes avoiding agglomerates. To grow columnar structures via AACVD without the use of pregrown catalyst seeds requires precise control of the precursor/solvent supersaturation to prevent the formation of nonadherent powders or polycrystalline thin films. In this context, the choice of precursor/solvent and deposition conditions is crucial to ensure a degree of heterogeneous reaction on the substrate surface that promotes a compression of the nucleation rate parallel to the substrate and a decrease of the energy barrier for growth perpendicular to the substrate, a requirement determined previously for the formation of columnar WO 3 structures via AACVD. 11 A recent report on the AACVD of ZnO has also shown that the modification of a methanolic solution of Zn(OAc) 2 with acetic acid encouraged the growth of pyramidal microstructures perpendicular to the substrate without the need for substrate modification with catalyst seeds. 12 The AACVD of columnar ZnO structures in the form of rods, however, was achieved previously only at temperatures exceeding 550°C by using pregrown TiO 2 catalyst seeds, 13 and to date no successful attempts to synthesize ZnO rods or wires without the use of catalyst seeds via AACVD have been reported, despite the natural tendency of the ZnO crystals grown via VS mechanism to form wurtzite wires with hexagonal cross-sections. 14 Herein, we report the growth of ZnO rods via AACVD at 400°C on various substrates, including silicon wafers, siliconbased micromachined platforms, and glass tiles, without the need for substrate pretreatment with catalyst seeds and their application in photocatalysis and gas sensing in photoactivated and thermoactivated mode ■ RESULTS AND DISCUSSION AACVD of Zinc Oxide and Material Characterization. Generally the AACVD of ZnCl 2 on the Si substrates (10 mm × 10 mm × 0.5 mm) resulted in the formation of adherent uniform films of greyish color with good coverage of the substrate, except for the films synthesized at 600°C, which showed reduced coverage and degraded structures ( Figure S1 , Supporting Information). ZnO in the form of rods was only obtained at 400°C from a solution of ZnCl 2 and ethanol, showing no morphological changes as a function of the precursor concentration or substrate used.
SEM imaging of the rods ( Figure 1 ) displayed a morphology characterized by a high density of quasi-aligned hexagonalshaped rods with lengths of ∼1600 nm and diameters of ∼380 nm. XRD of these films (Figure 2a) revealed the presence of a hexagonal ZnO phase (P6 3 mc space group, a = 3.2490 Å, b = 3.2490 Å, and c = 5.2050 Å; ICCD Card No. 5-0664), with a high intensity peak at 34.34°2θ (d = 2.60 Å) that indicate a strong preferred orientation in the [001] direction (similar XRD patterns were also present in the films grown from methanol-and acetone-based solutions). Measurements of the diffuse reflectance of these films indicated an optical bandgap at 3.2 ± 0.1 eV, consistent with the literature values for ZnO 4, 5 ( Figure S2 , Supporting Information). Examination of the Zn 2p core level XPS spectra showed peaks at 1045 and 1022 eV corresponding to the Zn 2p 1/2 and Zn 2p 3/2 core levels, respectively, and a shakeup peak at 1040 eV (Figure 2b ), consistent with those observed previously for ZnO. 15, 16 Estimation of the activation energy for the growth of the structures perpendicular (E a v ) to the substrate indicated lower E a v when using ethanol-based solutions instead of acetone-or methanol-based solutions, whereas estimation of the activation energy for the growth parallel (E a h ) to the substrate revealed higher E a h when using ethanol-based solution instead of acetone-or methanol-based solutions (Table 1 ). These results suggest that the incorporation of ethanol into the AACVD of ZnCl 2 increases the energy required for the interaction of the adatoms and the substrate surface (which inhibits the growth parallel to the substrate) and simultaneously reduces the energy needed for the adatom−adatom interaction (which favors the formation of columnar structures). The ratio of E a h to E a v for each system (0.8, 1.4, and 2.2 for methanol-, acetone-, and 
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Research Article ethanol-based solutions, respectively) indicates that the ZnO rods are grown via AACVD when E a h is more than twice E a v . Previously we have noted that carrier solvents such as methanol and acetone can decompose at temperatures used for the AACVD of structures (<500°C) leading to the formation of reactive intermediates, which become active species for deposition or react homogeneously to form solid particles. 8, 17 However, this is not the case for ethanol, which forms reactive radical species at higher temperatures 18 than those used for the AACVD of ZnO rods. Hence, the higher ratio of E a h to E a v for the ethanol-based solution could be linked to a greater extent to the different physical properties of the solvent, particularly the surface tension, which alters the aerosol properties.
10 This difference in properties modifies the time needed for each solvent to transport the entire volume of solution (5 mL ] of precursor during the process; thus ethanol-based solution delivers the precursor at 50% and 67% lower rate than methanol-and acetone-based solutions, respectively.
Further analysis on the properties of the ZnO particles was achieved by EDX and TEM. EDX analysis of these particles confirmed the presence of Zn and revealed relatively low chlorine contamination (found for Cl:Zn 0.05 at. %), in line with those determined by XPS analysis (found for Cl:Zn of 0.08 (at. %), Figure S3 ) when the structure grows along the [001] direction. 1, 14 The facets forming the apex of the rod were not evident from the HRTEM images ( Figure 3c) ; however considering the angle between the crystallographic planes, the apex is likely formed by {111} facets. Schematic models of an ideal crystal bound by {100} facets projected in the [1̅ 10] direction and a cut of it along the plain (111̅ ) are also displayed in Figure 3d ,e, respectively, and consistent with the morphology of the ZnO rods. Based on the geometrical features of the rods, these results indicate that the {100} facets cover approximately 90% of the structured film surface formed via the AACVD of ZnCl 2 dissolved in ethanol.
Photocatalysis. The photoactivity of the rods was evaluated by testing the degradation rate of stearic acid, a model organic pollutant. 19 To this end, rods were grown directly on glass substrates (10 mm × 10 mm × 1 mm) using the steps described above. The films displayed a whitish color with good coverage of the substrate. Examination of these samples showed identical morphology, crystal structure, and chemical composition as those observed for the structures grown on Si. The rate commonly expressed as the formal quantum efficiency (FQE), which estimates the number of acid molecules degraded per incident photon, indicated a 16-fold enhancement of the photoactivity for the ZnO rods compared to commercial photoactive glass (Pilkington, Activ) ( Figure 4 ). This photoactivity is lower than those reported for other ZnO 
Research Article structures in literature, 20 which is likely related to the exposed {100} facets observed in the rods that have been shown to possess less photoactive sites compared, for instance, to the {001} facets. 4, 5 Gas Sensing. The gas sensing properties of the ZnO rods toward CO in a thermoactivated and photoactivated mode were also tested. To this end the rods were grown directly (without transfer of the structures) on micromachined platforms (1 mm × 1 mm × 0.01 mm) ( Figure S4 , Supporting Information). Analysis (SEM and XRD) of the ZnO grown onto the micromachined platform confirmed the integration of rods similar to those analyzed on Si and glass substrates. Photoactivated and thermoactivated gas sensing tests were carried out by monitoring the resistance changes of the film when exposing to 100 ppm of CO. The whole testing period comprised 4 weeks during which the microsensors were alternatively tested under different conditions accumulating a total of 140 h of operation. Comparison of the response in the first and fourth quarters of the testing period showed little dispersion of the results, demonstrating a good reproducibility of the response and stability of the sensitive material. Thermoactivated results showed sensor responses (S R ) for temperatures exceeding 125°C, with the highest values registered at 305°C (S R = 200%), whereas photoactivated results demonstrated sensor responses at room temperature (RT) with faster rates of response to CO (r = 10) and greater resistance changes (S R = 90%) than those observed in the thermoactivated test (r = 1.6 and S R = 48%) at 250°C ( Figure  5 and Figure 6 ), which is consistent with that reported for other MOX systems, when comparing their performance in thermoactivated and photoactivated mode. 21 Additionally, the changes in concentration (C) of CO showed typical power law fitting curves described as S R = 0.27C 0.45 (photoactivated mode) and S R = 1.32C 0.26 (thermoactivated mode) for the measured concentration levels from 25 to 100 ppm and from 5 to 100 ppm, respectively.
The ZnO rods also displayed better stability of the baseline resistance in the photoactivated mode, compared to the thermoactivated mode which led to a drift of the baseline resistance with a decreasing profile at 125°C (associated with the lack of reversibility of the system at this temperature), and an increasing profile at 250 and 305°C (associated with the long-time constants to stabilize the diffusion of oxygen atoms into the bulk of the material, a process that acts as a doping level modifier for the material affecting the total current density across the material for this range of temperatures) 22 ( Figure S5 , Supporting Information).
In order to evaluate the selectivity of the microsensors, further tests were performed to 100 ppm C 2 H 6 O, C 7 H 8 (reducing analytes), and NO 2 (oxidizing analyte) both in photoactivated and thermoactivated modes. The analysis of variance of those responses (for a data set comprising four replicates of each analyte using four microsensors) is displayed in Figure 7 . These results demonstrate low crossed-responses among the reducing analytes for the photoactivated tests (Figure 7a) , as opposed to the thermoactivated tests which show noticeable overlaps of the response to CO, C 2 H 6 O, and C 7 H 8 at 250°C (Figure 7b ) and CO and C 7 H 8 at 305°C ( Figure S6 , Supporting Information), suggesting an improvement of the selectivity when using the photoactivation.
The sensitivity of ZnO toward analytes such as CO, C 2 H 6 O, C 7 H 8 , and NO 2 was reported in the literature previously, 23−33 although only a few works described the correlation of the exposed facets with the sensor response in "real" devices, and often only to C 2 H 6 O. Generally, these works suggest that the {100} facets are the most stable surfaces in ZnO, providing long-term stability advantages to this sensitive material particularly when using thermoactivation, 1, 26 but due to the presence of fewer dangling bonds in {100} facets, as opposed to other facets, e.g., {001} or {42̅ 3̅ }, the {100} facets have shown consistently less sensitivity. 23−26 The present work, however, has not experimentally proven gas sensing properties of other ZnO facets, and comparison of our results with the literature (Table 2) shows conflicting conclusions. For instance, the relative sensor response to parts per million concentration for our microsensors, based on {100} facets, toward C 2 H 6 O shows about 2 times higher values than those reported for {001} facets tested in photoactivated 25 or thermoactivated 23 mode. Other reports, in contrast, reveal opposite behavior, with our Rate of response to 100 ppm of CO obtained from the photoactivated tests performed at RT and thermoactivated tests at various sensor operating temperatures. The rate of response was estimated by fitting the change of resistance curve after CO injection to a logistic function, which was derived to obtain the rate law described by −R/dt = rR n (where r is the rate constant).
Research Article microsensors showing almost 2 25 or 32 24 times lower responses than those recorded for thermoactivated {001} facets, or a response nearly similar to that reported for {42̅ 3̅ } facets (a more reactive surface compared to {100} or {001} surfaces). 26 A similar comparison with other ZnO morphologies including films, 27,29 particles, 30 wires, 28, 34 or comb-like structures 31 (with no references to their dominant exposed facets) indicates improved photo-and thermoactivated responses for our microsensors toward C 2 H 6 O and CO ( Figures S7 and S8 , Supporting Information). Consequently, it is complex to attribute any improvement exclusively to the dominant exposed facets, as the fabrication and test conditions used in each work also impact the sensor performance; particularly the direct integration of structures into the device via AACVD (as opposed to most of the cited works which rely on transfer methods to integrate the sensitive material) provides cleaner surfaces that could favor the gas sensing properties of the ZnO rods.
The conductivity changes at RT in the photoactivated sensors toward reducing gases, such as CO, are connected with a previously recognized mechanism for nonphotoactivated MOX sensors, which involves the increment of the carrier concentration in the MOX due to the release of electrons in the conduction band when reactive gases combine with the preadsorbed oxygen ions at the MOX surface. 35 The nature of the preadsorbed oxygen, however, marks the differences in the sensing mechanism of the sensors photoactivated at RT, nonphotoactivated at RT, or thermoactivated above 150°C (Figure 8 ). This is associated with the fact that at RT the photoactivation of ZnO leads to the formation of photoinduced O − hv and O 2 − hv species due the presence of excitons ( Figure  8a) , with the former being most likely dominant according to previous studies 25, 36 (the presence of these photoinduced species at the surface of n-type semiconductors, such as ZnO, have been shown to decrease the baseline resistance of the sensitive material, 36, 37 and this is consistent with the drop of resistance of ∼44% recorded after the photoactivation in air for the AACVD deposited ZnO structures). These photoinduced species make the ZnO surface chemically more active than that of a nonphotoactivated surface (Figure 8b ), dominated by molecular O 2 − species 35 which are difficult to remove at RT. Then, it is the photoinduced oxygen species that participate in the oxidation/reduction of the analyte, and this explains the higher gas sensitivity at RT in the photoactivated mode. At temperatures above 150°C, in contrast, the dominant species at the surface involve chemically active O − and O 2− species with likely a higher density of O 2− species as the temperature increases, 35 which doubles the surface charge region in the preadsorption cycle (Figure 8c ) and in turn results in a higher change of the conduction channel width (Figure 8f ) compared to the nonphotoactivated (Figure 8e ) and photoactivated (Figure 8d ) modes at RT when a reducing gas such as CO is introduced. This is consistent with the higher responses recorded for the thermoactivated ZnO structures above 250°C.
In summary, AACVD has been tuned for the seedless growth of ZnO rods with exposed {100} facets and has been used to grow these columnar structures directly on glass, silicon, or a 
Research Article silicon-based micromachined platform. Test of the photoactivity and gas sensitivity of these structures showed promising results, particularly for their sensing properties at RT by photoactivation. This characteristic becomes significantly advantageous in gas sensing, as it would allow for the sensor to operate without integrated heaters minimizing the power consumption of the system.
■ CONCLUSIONS
Columnar ZnO structures in the form of rods with exposed {100} facets have been vapor deposited via AACVD on various substrates, including silicon, glass, and micromachined platforms, without using catalyst seed particles (i.e., via VS mechanism) and at relatively low temperature (400°C) compared to other CVD methods. The formation of rods was achieved when using an ethanol-based solution for the aerosol generation, which allowed for a 2-fold increase of the activation energy for the growth horizontal to the substrate, with respect to the activation energy for the growth parallel to the substrate. These columnar ZnO structures showed 16-fold higher photoactivity than commercial photoactive glass, and their photoactivated gas sensing properties at room temperature demonstrated the detection of reducing gases, such as CO and C 2 H 6 O, with improved selectivity than that obtained in the thermoactivated tests.
■ EXPERIMENTAL SECTION
AACVD of Zinc Oxide. ZnO films were synthesized from ZnCl 2 (Sigma-Aldrich, ≥98%) employing the AACVD system described previously. 38 Several conditions were probed including the use of various temperatures (from 300 to 600°C), carrier solvents (either ethanol (Penta, ≥96%), acetone (Penta, ≥99.5%), or methanol (Penta, ≥99.8%)) and precursor concentrations (73, 55, or 40 mM). Also various substrates were employed, including silicon wafers, siliconbased micromachined platforms, and glass tiles, all without substrate pretreatment.
Material Analysis. The morphology of the films was examined using scanning electron microscopy (SEM; Tescan FE Mira II LMU), the phase using X-ray diffraction (XRD; Rigaku SmartLab 3 kW, Cu Kα radiation), and the chemical composition using X-ray photoelectron spectroscopy (XPS; Kratos Axis Supra with monochromatic Kα radiation, 300 W emission power, magnetic lens, and charge compensation on; the survey and detailed spectra were measured using pass energies of 160 and 20 eV, respectively). Further analysis of the material was carried out using transmission electron microscopy (TEM − JEM 2100F operated at 200 kV using a Schottky cathode and equipped with EDX). Selected area electron diffraction (SAED) and FFT patterns were validated using JEMS software, and HRTEM images were evaluated using Gatan Digital Micrograph software. TEM samples were prepared by removing the film from the substrates and depositing the suspended particles in ethanol onto Cu grids coated with carbon film.
Photocatalytic Tests. Prior to testing the photoactivity of the rods, the surface was UV-cleaned for 24 h under wet air using a UVA lamp (BLB lamp, 1.2 mW/cm 2 ). A Fourier transform infrared spectrometer (FTIR; PerkinElmer RX-I) was used to monitor the degradation of stearic acid. The samples were tested several times, and the degradation rates and quantum efficiency (FQE) data averaged as reported previously. 39 Gas Sensing Tests. The silicon-based micromachined platforms were fabricated by micro-electromechanical systems (MEMS) technology and consisted of a suspended membrane, containing resistive heaters and interdigitated electrodes insulated by an interlevel silicon oxide layer. 9 The ZnO rods were integrated directly via AACVD on top of the electrodes using a shadow mask to confine the film deposition to the membrane and protect the contacts. Subsequently the chips were mounted and bound on a TO-8 package 
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Research Article as observed in Figure S4 . These microsensors were tested in a continuous flow (50 cm 3 (STP)·min −1 ) test chamber (10 cm 3 volume), provided with mass flow controllers, as described previously, 38 and continuous illumination from a lamp with wavelength of 147 nm (CDL 1021-0X, Analytical Control Instruments). The sensors were exposed to various concentrations of carbon monoxide (CO, Praxair), ethanol (C 2 H 6 O, Praxair), toluene (C 7 H 8 , Praxair), or nitrogen dioxide (NO 2 , Praxair) during 60, 120, 240, 600, or 1200 s, and subsequently the gaseous analytes were purged with air (3X, Praxair) until the initial baseline resistance in air was recovered. The sensor response was defined as [(R a − R g )/R g ] for the reducing analytes and [(R g − R a )/ R a ] for the oxidizing analyte, where R a and R g are the resistance in air and in gas, respectively.
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